Cell Cycle 1 2:22, 3490-3499; November 1 5, 201 3; © 201 3 Landes Bioscience 



Direct inhibition of hexokinase activity 
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Emerging evidence suggests that metformin, a widely used anti-diabetic drug, may be useful in the prevention and 
treatment of different cancers. In the present study, we demonstrate that metformin directly inhibits the enzymatic 
function of hexokinase (HK) I and II in a cell line of triple-negative breast cancer (MDA-MB-231).The inhibition is selective 
for these isoforms, as documented by experiments with purified HK I and II as well as with cell lysates. Measurements of 
18 F-fluoro-deoxyglycose uptake document that it is dose- and time-dependent and powerful enough to virtually abolish 
glucose consumption despite unchanged availability of membrane glucose transporters. The profound energetic imbal- 
ance activates phosphorylation and is subsequently followed by cell death. More importantly, the "in vivo" relevance of 
this effect is confirmed by studies of orthotopic xenografts of MDA-MB-231 cells in athymic (nu/nu) mice. Administration 
of high drug doses after tumor development caused an evident tumor necrosis in a time as short as 48 h. On the other 
hand, 1 mo metformin treatment markedly reduced cancer glucose consumption and growth. Taken together, our results 
strongly suggest that HK inhibition contributes to metformin therapeutic and preventive potential in breast cancer. 



Introduction 

Metformin, the drug most widely used to treat type 2 diabetes, 
recently emerged as a potential anticancer agent. Epidemiological, 
clinical and preclinical evidence supports its use in the treatment 
of many tumors and particularly of breast cancer. 1 " 7 This poten- 
tial has been first attributed to indirect mechanisms character- 
ized by the drug capability to reduce serum levels of glucose, 
insulin, and insulin-like growth factor. 8,9 However, experimen- 
tal evidence pointed out that it can also directly reduce cancer 
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growth by triggering phosphorylation of 5' AMP-activated pro- 
tein kinase (AMPk). 10 " 12 

How metformin activates this energy sensor pathway is not 
fully understood. Actually, it selectively inhibits respiratory 
chain complex I, resulting in ATP depletion. 1314 However, the 
consequences of mitochondrial impairment should be of limited 
relevance in cancer in which the fraction of ATP produced by 
glycolysis is more than 50 times higher than in normal tissues. 15 
Moreover, while p-AMPK activation should increase glucose 



3490 



Cell Cycle 



Volume 12 Issue 22 



REPORT 



consumption, 16 studies in mouse models of colon cancer reported 
that metformin can decrease uptake of ls F-fluorodeoxyglycose 
(FDG). 17 Finally, the primary role of mitochondrial action was 
observed in hepatocytes and |3 cells of pancreatic islets character- 
ized by a peculiar glucose processing machinery with a preferen- 
tial expression of hexokinase (HK) IV. 18 

Recently, we demonstrated that metformin impairs cancer 
energy asset in vitro via a direct and selective enzymatic inhi- 
bition of HK isoforms I and II. 19 This observation might thus 
indicate that metformin might directly hamper a pivotal aspect 
of cancer biology and hinder cell energy asset beyond the con- 
sequences of mitochondrial impairment. 18,20,21 Accordingly, we 
hypothesized that HK I and II inhibition by metformin could 
modify glucose metabolism in triple-negative breast cancer both 
in cultured cells and xenograft models. Obtained data confirm 
this hypothesis, documenting that the drug actually inhibits HK 
function, resulting in an immediate cytotoxic effect both in vitro 
and in vivo as well as in a significant reduction of cancer growth 
rate under chronic treatment. 

Results 

HKI and HKH as molecular targets of metformin effect on 
cancer metabolism and biology 

Metformin strikingly impaired glucose consumption of 
MDA-MB-231 in a dose- and time-dependent manner. Maximal 
effect occurred with exposure to 10 mM drug concentration that 
progressively reduced FDG uptake down to its minimum values 
after 48 h (Fig. 1A). The reduction in glycolytic rate through- 
out the whole 48 h experiment duration was paralleled by a 
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progressive increase in AMPK phosphorylation and by a progres- 
sive reduction (Fig. IB) in TXNIP gene expression 22 (Fig. 1C). 

In agreement with the malignant phenotype, 23,24 
MDA-MB-231 expression profile for glucose carriers was limited 
to mRNA encoding for GLUTl, with a low prevalence of GLUT3 
and the virtual absence of GLUT2 and GLUT4 (Fig. ID). 
Metformin did not affect this pattern, thus excluding drug 
effects on trans-membrane glucose transport (Fig. ID). A similar 
finding was obtained for HK expression profile. As expected, 25 " 27 
this cell line mostly expressed HKI and HKII, while isoforms III 
and IV were almost undetectable (Fig. 2A). Treatment slightly 
increased gene expression for HKI and II (Fig. 2A), ruling out 
any effect on enzyme availability, as also confirmed by western 
blot analysis (Fig. 2B). 

On the contrary, metformin inhibited glucose-phosphorylat- 
ing activity of cell lysates in a dose-dependent fashion (Fig. 2C). 
In agreement with our previous experience, 19 experiments with 
purified proteins showed that the interference selectively affected 
enzymatic function of HK I and II; it did not modify activity of 
HK IV and requested the presence of glucose during incubation 
(Fig. 2D). 

At immunofluorescence analysis, metformin exposure was 
associated with a preferential cytosolic localization of isoform 
II (Fig. 3A and B) that preceded the expected cell damage. 
Apoptosis, as evidenced by annexin V, was already detectable 
after 24 h of exposure to a low dose of metformin (1 mM) and 
remained relatively stable regardless drug concentrations or 
exposure time (Fig. 3D and E). Cell death was evident only after 
incubation with metformin 10 mM for 24 h and significantly 
increased after 48 h of treatment (Fig. 3F). Accordingly, the 
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metabolic alteration preceded cell death and largely exceeded its 
degree, with the virtual abolition of glucose consumption at 48 h, 
facing a reduction in the number living cells of only 20%. 

Metformin effect on glucose metabolism of cancer and 
whole body 

In vivo experiments confirmed the relevance of the metabolic 
effect of metformin on cancer metabolism and growth rate. The 
experiment was completed in all animals, and no side effects 
occurred at the drug dosage used. As shown in Table 1, body 
weight was not significantly different in the 3 groups of animals 
at the time of imaging. On the contrary, serum glucose level was 
left unaltered by acute (48 h) treatment, while it was slightly, 
though not significantly, reduced in animals treated for the 
whole experiment duration (Table 1). 

More importantly, metformin treatment had a relevant influ- 
ence on cancer growth. In fact, weight of explanted lesions was 
almost halved in "prolonged" mice treated with metformin for 
the whole month of study duration, while it was obviously not 
affected by pulsed treatment (Table 1). 

In vivo imaging confirmed the drug effect on tumor 
progression. In fact, analysis of PET visible lesions repro- 
duced the data obtained by evaluation of cancer weight as 



tumor volume was markedly lower in "prolonged" animals than 
in the remaining 2 groups (Table 1). 

Actually, analysis of FDG uptake did not show significant dif- 
ferences in both average and maximal SUV within cancer lesions 
(Table 1 and Fig. 4A-C). However, this finding was intrigu- 
ingly contradicted by the quantitative analysis of tumor glucose 
metabolism. In fact, glucose consumption was 79.5 ± 14 and 
74.9 ± 29 nM x min -1 x g" 1 in untreated and pulsed mice, respec- 
tively (P = ns) (Table 1 and Fig. 4D and E). By contrast, pro- 
longed metformin administration markedly decreased cancer 
glucose utilization to 41.6 ± 5.5 nM x min" 1 x g _1 (P < 0.01 vs. 
untreated and pulsed animals, Table 1 and Fig. 4D-F). 

Response of whole-body glucose metabolism explained 
the apparent disagreement between the 2 different analyses 
of the same FDG images. In fact, FDG clearance was 0.24 ± 
0.05 ml x min" 1 in untreated mice and remained relatively sta- 
ble after 2 days treatment (Table 1), while it markedly fell after 
1 month metformin treatment in the prolonged group (0.14 ± 
0.07 ml x min" 1 , P < 0.01 vs. both untreated and pulsed animals). 
Obviously, this finding was largely reproduced when normaliza- 
tion of glycaemia was applied. In fact, whole-body glucose con- 
sumption was similar in untreated and pulsed animals, while it 
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Figure 1. (A) FDG uptake in cultured cells under control conditions (white columns) or after 24 (gray columns) and 48 (black columns) hours exposure 
to different concentrations of metformin. The drug caused a dose- and time-dependent reduction in tracer retention and thus in glucose consumption 
(*P < 0.05, ** P < 0.01 vs. control, respectively). This metabolic response was associated with a dose-dependent decrease in TXNIP gene expression (B), 
ruling out a possible accumulation of G6P caused by a block in downstream glycolytic chain. This metabolic derangement resulted in an activation of 
the energy sensor pathway leading to an increased phosphorylation of AMPKat higher drug doses. On the other hand, levels of mRNA encoding for the 
different GLUT carriers (D) did not report any effect on glucose transport system characterized by a high expression of GLUT1 that was not altered by 
metformin treatment. This neutral response was duplicated when the markedly lower expression of GLUT 2-4 were tested. 
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reached the lowest values in those treated for prolonged time 
(Table 1). 

Metabolic correlates of tumor xenografts molecular 
pathology 

In agreement with in vitro data, treatment did not signifi- 
cantly alter gene expression of GLUT 1 and GLUT 3 or HK I 
and II in harvested lesions. On the other hand, cancer mRNA 
levels encoding for TXNIP were slightly, though not signifi- 
cantly, reduced in treated animals, regardless of the duration 
of metformin exposure, for 48 h or the whole month. On the 
contrary, AMPK phosphorylation was only activated in tumors 
harvested from mice submitted to prolonged treatment, while it 
did not occur after pulsed therapy (Fig. 5A) . 

Quantitative analysis of autoradiography confirmed in vivo 
imaging data: radioactivity content was similar in cancers har- 
vested in pulsed (4401 ± 961 PSL x 10 3 x square mm" 1 x min" 1 ) 
and untreated mice (4918 ± 568 PSL x 10 3 x square mm" 1 x min" 1 , 



P = ns), while prolonged treatment significantly reduced FDG 
uptake (2510 ± 784 x 10 3 PSL x square mm" 1 x min" 1 , P< 0.01 vs. 
all other groups) (Fig. 5B). 

At hematoxylin/eosin staining, all cancers showed a visible 
necrotic core whose extension, however, was peculiar: it was larg- 
est in lesions collected in "pulsed" animals (76 ± 8% of total 
section), intermediate in untreated mice (38 ± 11%, P < 0.01 
vs. pulsed), and lowest in prolonged ones (13 ± 5%, P < 0.01 
vs. both pulsed and untreated). As expected, this pattern was 
paralleled by a differential macrophage infiltration: CD68* cells 
were largely represented in cancers harvested from pulsed mod- 
els and almost absent in those exposed to prolonged treatment 
(Fig. 5C). 

Interestingly, coregistration of autoradiography and immuno- 
histochemistry documented that different cell types accounted 
for FDG uptake in the different models (Fig. 5D). In particular, 
a high co-localization of radioactivity and CD68* positivity was 
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Figure 2. HK response to metformin. Biguanide treatment did not reduce expression for isoforms I and II of HK that, rather, showed a slight but sig- 
nificant increase at the highest drug level. Similarly, protein availability of these enzymes was not modified by treatment even at prolonged times (B). 
(C) displays glucose phosphorylating activity of MDA-MB-231 cell lysate that was not altered by incubation with metformin alone (white circles) nor by 
metformin and ATP (black circles). On the contrary, it was almost halved by the incubation with metformin and glucose, confirming preliminary experi- 
ence in CALU1 cells derived by non-small cell lung carcinoma (*P < 0.05 vs. control condition). (D) displays the selectivity of metformin interference puri- 
fied human HK isoform I (white squares) and II (black squares) with absent response by HK IV (gray squares) (*P < 0.05 vs. control condition). 
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consistently observed in pulsed models (Fig. 5E). On the con- 
trary, tracer distribution and thus glucose consumption was more 
homogeneously distributed in prolonged animals. 

Discussion 

The present study documents that metformin reduces cancer 
metabolism and growth at least partially via a direct and selective 
inhibition of HK I and II enzymatic function. In vitro, the pro- 
found energetic impairment caused by G6P depletion triggered 
the apoptotic process and eventually resulted in cell death. 28 ' 29 In 
vivo, administration of high drug doses after lesion development 
caused a large tumor necrosis in a similar interval. By contrast, 
prolonged treatment (from tumor implantation to harvesting) 
markedly reduced cancer growth and glucose consumption. 
Accordingly, these data extend to the xenograft model of triple- 
negative breast cancer our previous observations in cell cultures 
of non-small cell lung carcinoma" and document the relevance 
of direct action on cancer metabolism in anticancer potential of 
chronic metformin treatment reported in the clinical setting. 1 ' 7 



Metformin effect on glucose metabolism 

As expected, 10,11 high drug doses activated AMPK phosphory- 
lation both in vitro and in vivo. Nevertheless, they also mark- 
edly reduced FDG uptake both in cultured cells and in cancers 
implanted in living animals, indicating that metformin might 
directly impair glycolytic flux with mechanisms independent 
from this energy sensor pathway. 

As a probe of glucose consumption, FDG uptake enters the 
cell via the same facilitative transporters of glucose; 30 " 32 it is then 
phosphorylated to FDG6P and remains trapped within cyto- 
sol, being a false substrate for all further reactions channeling 
G6P to alternative pathways. Obviously, a block in downstream 
glycolytic chain might reduce tracer retention, since any G6P 
accumulation would inevitably limit the HK-mediated glucose 
trapping mechanism. However, this hypothesis was ruled out by 
the evaluation of TXNIP, whose expression is powerfully trig- 
gered by G6P itself: 22 the marked and dose-dependent reduction 
in FDG uptake was paralleled by a decrease in mRNA levels 
encoding for this protein, indicating a relative reduction in G6P 
availability. 
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Figure 3. (A and B) Display the confocal microscopy for HK I and HK II, respectively, and mitochondria in MDA-MB-231 cells untreated and after 24 h 
incubation with metformin 10 mM. Mitochondria were labeled by MitoTracker Far Red; HKI and II were stained by indirect immunofluorescence, using a 
FITC-conjugated secondary antibody. Left, right, and central panels show staining for HKI/II, mitochondria and both, respectively. Merged images docu- 
ment that metformin causes a significant and selective dislocation of HK II isoform from mitochondrial membrane to the cytosol. (C) displays effect of 
different metformin concentrations cell viability at 24 (white columns) and 48 h (black columns). Number of AnnV PI signficantly decreased only at the 
highest dose and at 48 h (*P< 0.05): Number of cells in early (AnnV + PI", D) or late (AnnV + Pl + , E) apoptosis remained relatively low throughout the whole 
study period. On the contrary, number of dead cells (AnnV - Pl + , F) progressively increased for highest doses at 48 h of exposure (**P < 0.01). 
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Treatment did not modify gene expression for GLUT and 
HK. On the contrary, metformin directly inhibited glucose 
phosphorylating activity of cell lysates. Experiments with puri- 
fied enzymes documented that this effect is selective on isoforms 
I and II and thus on HK asset of MDA-MB-231 cells. Thus, 
present data confirm that interference with HK I and II at least 
partially explains metformin potential in cancers characterized 
by this enzymatic asset, 15 being probably less relevant in cells also 
expressing other HK isoforms. 33 

The selective nature of metformin activity on HK I and II 
is further and independently confirmed by immunofluorescence 
analysis. Actually, both these isoforms are closely placed on the 
mitochondrial outer membrane. 25 " 27 However, this link is at least 
partially dependent on G6P for HK II. 27 Metformin displaced 
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Figure 4. Coronal slices and enlarged tumor image of PET/FDG scans. (A-C) display 
the FDG uptake, documented in the last acquisition frame (from 40-50 min after 
injection), reproducing the usual representation of PET used in the clinical setting. 
Cancer uptake is visible and similar in all animals, regardless treatment protocol, as 
documented by the similarity of SUV reported in the color scale on the right side of 
each panel. (D-F) display the data of the same PET studies represented as glucose 
consumption (in nanomol x min-1-X g-1) as measured in each voxel by the product 
between the slope Patlak regression line and serum glucose concentration. This 
analysis shows reduced glucose consumption in cancer of the mouse treated for 
the whole study period. 



this isoform away from mitochondrial membrane to the cytosol, 
limiting its preferential access to ATP for glucose phosphoryla- 
tion and, thus, hampering a major mechanism of cancer growth 
and immortality 28 ' 34,35 as documented in pioneering experiments 
by Bustamante et al. 3S 

HK-2 metabolic step can be used for monitoring clinical 
cancers via PET analysis 

MicroPET-derived indexes of cancer glucose consumption 
were markedly reduced by prolonged drug administration. 37 
Again, this finding was paralleled by AMPK activation 38,3 '' and 
eventually resulted in a significant reduction in both weight of 
harvested lesions and tumor volume at PET analysis. By contrast, 
and differently from cultured cells, no evident change in cancer 
glucose metabolism was observed after 48 h therapy in pulsed 
mice. However, this paradox is explained by the micro- 
metric analysis of FDG uptake offered by autoradiog- 
raphy. In fact, lesion radioactivity was heterogeneously 
distributed in pulsed animals, with peripheral regions 
characterized by an intense metabolism surrounding 
a metabolically inert necrotic core. At immunohisto- 
chemistry, peripheral ring displayed a large number 
of CD68* cells whose metabolism largely accounted 
for FDG uptake. This pattern closely agrees with the 
limitations of PET FDG imaging in the early evalua- 
tion of chemotherapy effect, as infiltrating macrophages 
and newly formed granulation tissue most often show 
greater FDG uptake than viable tumor cells. 40 

The reduction in tumor glucose consumption under 
"chronic" metformin treatment was not paralleled by a 
corresponding decrease in cancer FDG uptake confirm- 
ing the acknowledged limitations of clinical evaluation of 
cancer metabolism. Actually both average and maximal 
SUV represent the most largely used indexes of lesion glu- 
cose consumption, since they can be easily and accurately 
measured with only one image of late FDG distribution. 
However, their value is also dependent upon tracer dis- 
posal, which, in turn, reflects systemic metabolic regula- 
tion. 41 In agreement with previous observations, 42 chronic 
metformin treatment reduced whole-body glucose con- 
sumption and blood FDG clearance in non-diabetic 
nude mice. This systemic response delayed FDG removal 
from blood and thus increased its availability for can- 
cer uptake. Accordingly, this observation indicates that 
SUV data should be carefully interpreted, particularly in 
experimental models implying the use of drugs active on 
whole body metabolic pattern. On the other hand, on a 
clinical ground, it might also explain the limited influ- 
ence of chronic metformin treatment on the diagnostic 
accuracy of FDG imaging in cancer diabetic patients. 
Limitations 

The experimental study implies a dynamic acqui- 
sition to correlate blood time concentration curves of 
FDG with tissue glucose metabolism. Tracer injection is 
particularly relevant to this purpose, since its extravasa- 
tion may hamper the analysis of tracer kinetics. To over- 
come this problem, we already developed a procedure 
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Materials and Methods 

Chemicals 

Metformin was provided by Sigma-Aldrich. FDG 
was produced according to standard methodology. 



p-AMPKa 



ji actin 



for tail vein catheterization using 26G cannula, and maintaining 
its stability as confirmed by late imaging of animal tail that ruled 
out any extravasation in the site of injection. 

As a second limitation, non-diabetic animals were studied. 
However, our main purpose was to document the direct drug 
effect on cancer: this task would have been hampered by the pres- 
ence of diabetes, due to the contamination of tracer still present 
in the blood both at imaging and at lesion harvesting. 

Only MDA-MB-231 cell line was tested in the present study. 
This model of triple-negative breast cancer is particularly rele- 
vant due to the high incidence of this disease in obese, insulin- 
resistant, and diabetic women who are candidates to chronic 
biguanides treatment. 

Finally, HK interference could not be directly doc- 
umented in xenograft models. Accordingly, in vivo 
action of metformin might imply further mechanisms 
able to modify tumor biology and growth. However, 
the metabolic response of cancer agreed well with HK 
inhibition, suggesting that this enzymatic interfer- 
ence might play a relevant role in metformin antican- 
cer potential and should be carefully considered in 
both experimental and clinical settings. 

Conclusion 

The present study indicates that metformin 
impairs HK enzymatic function, and its interaction 
with mitochondria hampering a crucial aspect for 
tumor immortality. Actually, this metabolic "target 
point" could only be reached with high drug concen- 
trations in vitro. Similarly, the doses administered to 
mouse models largely exceeded clinical guidelines. 
This points out that interference with mitochondrial- 
bound HK might represent a potential target for can- 
cer therapy. However, it also implies the need for more 
aggressive dosing of metformin in clinical trials or for 
a new class of molecules able to interfere with this step 
of glucose consumption. 

The effect of metformin on tumor biology 
was strongly dependent upon treatment duration. 
Prolonged therapy caused a marked reduction in cancer 
growth without any visible necrosis. On the contrary, 
acute drug administration caused a profound cyto- 
toxic effect. This observation suggests that biguanides 
therapy actually selected a population of drug resistant 
cells probably characterized by a relatively slow prolif- 
eration rate. Elucidating the mechanisms underlying 
this resistance might be of great interest. This task was 
far beyond the scopes of our study. However, this find- 
ing indicates that type of experimental protocol and 
duration of treatment should be carefully considered 
whenever data about metformin therapy are evaluated. 



Daily quality controls always documented adequate standards 
and, in particular, a radiochemical purity >98%. 
Cell line and culture conditions 

Certified human breast cancer cell line MDA-MB-231 was 
obtained from the Italian Cell Line Collection and cultured in 
DMEM medium (Gibco-BRL) supplemented with 10% fetal 
bovine serum (FBS), 2 mM L-glutamine and 100 U/ml peni- 
cillin/streptomycin at 37 °C in a humidified atmosphere of 5% 
C0 2 . Medium was changed each other day. 

FDG uptake evaluation 

Labeling was performed by incubating 10 6 cells with FDG 
according to a procedure validated in our laboratory. 19,33 
Immediately before the experiment, glucose-free medium was 
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Figure 5. Pictures from harvested tumors. (A) displays western blot data showing that 
increased phosphorylation of AMPK only occurred in animals exposed to prolonged 
treatment. (B) display a large macrophage infiltration in pulsed group as detected 
by double staining immunohistochemistry for CD68 antigen (brown) and cytokera- 
tin CK19 (purple). (C) display autoradiography of FDG uptake, while coregistration of 
metabolic and immunohistochemical data are reported in (D) and a magnified area 
(20x) in (E). Co-localization of tracer retention and CD68+ cells can be best appreciated 
after pulsed treatment, while it is less evident in the remaining specimens. 
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added with FBS and FDG at a concentration of 37KBq/mL. 
Tracer exposure was maintained for 60 min at 37 °C. Thereafter, 
uptake process was stopped by adding 4 ml of PBS before cen- 
trifugation at 450 x g for 10 min. Supernatant was removed and 
cell pellet re-suspended in 1 ml of saline buffer. Free and bound 
activities were thus simultaneously counted using a Packard 
Cobra II gamma counter (Packard) with a 10% energy window 
centered at 511KeV. FDG retention was measured as the ratio 
between bound and total radioactivity. In all cases, labeling pro- 
cedure did not affect cell viability as documented by trypan blue 
staining. 

Real-time PCR analysis 

Expression analysis was performed for glucose transporters 
(GLUT 1, 2, 3, and 4), HK I to IV and Thioredoxin interact- 
ing protein (TXNIP). RNA was isolated from cell culture pel- 
lets by homogenization in Qiazol followed by further purifcation 
on RNeasy columns (Qiagen) and DNasel treatment to remove 
contaminating genomic DNA. Reverse transcription was per- 
formed with oligodT primers in a final volume of 20 uL using 
the SuperScript reverse transcription kit (Invitrogen). Primers 
were designed using Primer3 software (http://bioinfo.ut.ee/ 
primer3/) and checked for secondary structures of the amplicon 
using mfold (http://mfold.rna. albany.edu/?q=mfold). Real-time 
polymerase chain reaction was performed on a LightCycler 480 
(Roche) using Platinum SYBR Green qPCR SuperMix UDG 
(Invitrogen) supplemented with 2 ul of cDNA, 10 nM each sense 
and antisense primers, and 20x bovine serum albumin (lmg/ml) 
(Invitrogen) in a final volume of 20 ul. An initial denaturation 
step of 2 min, during which the well factor was measured, was fol- 
lowed by 50 cycles of 5 s at 94 °C, 10 s at 55 °C, and 10 s at 72 °C. 
Fluorescence measurements were performed during the anneal- 
ing step in each cycle. After amplifcation, melting curves with 
80 steps of 15 s and 0.5 °C temperature increase were obtained to 
monitor unspecific amplification products. Expression data were 
normalized on the mean of glyceraldehyde-3 -phosphate dehy- 
drogenase (GAPDH), tubulin- (33, and (32-microglobulin gene 
expression data obtained in parallel. Relative expression values 
were obtained using QGene software. 43 

Western blot analysis 

MDA-MB-231 cells were lysed in RIPA buffer (50 mM Tris- 
HC1, pH 7.5, 150 mM NaCl, 1% Nonidet P-40, 0.5% sodium 
deoxycholate, and 0.1% SDS) containing protease inhibi- 
tors. Alternatively, proteins were obtained from tumor tissues 
by AllPrep® DNA/RNA/Proteinkit (Qiagen). Proteins were 
resolved by 10% SDS-PAGE and transferred to nitrocellulose 
membranes. Membranes were incubated overnight at 4 °C and 
probed with the following antibodies: ami human HKI (C35C4), 
HKII (C64G5), total AMPK (23A3), p-AMPK (Thrl72-40H9), 
and and |3-actin (1801) All reagents were purchased from Cell 
Signaling Technologies, while anti-human Actin was provided 
by Abeam. Primary antibodies were detected using a goat anti- 
mouse or goat anti-rabbit IgG HRP conjugated, and developed 
with ECL substrate (Thermo Fisher Scientific). 

Hexokinase activity assay 

HK activity was assayed spectrophotometrically, through 
a coupled reaction with glucose-6-phosphate dehydrogenase 



(G6PD), following the NADP reduction at 340 nm. The mix 
contained: 100 mM Tris HC1 pH 8, 5 mM MgCl 2 , 100 Mm 
glucose, 0.8 mM ATP, 1 mM NADP, 3 units of G6PD. 44 The 
assay was made on human purified HK isoforms (ProSpec-Tany 
TechnoGene Ltd) as well as on untreated MDA-MB-231 cell 
lysates. Different metformin (0.3 to 10 mM) concentrations were 
used. The enzyme was incubated with metformin for 10 min 
before the assay. 

Immunofluorescence analysis 

MDA-MB-231 cells were incubated with MitoTracker probe 
(Life Technologies Ltd) and treated as previously described. 19 
Coverslips were incubated overnight with rabbit anti-HKI 
(C35C4) or anti-HKII (C64G5) primary antibodies (Cell 
Signaling Technologies). Specific staining was visualized with a 
goat anti-Rabbit Alexa Fluor 488 secondary antibody (Molecular 
Probes) washed and mounted using Prolong Gold antifade 
reagent (Life Technologies Ltd). Results were analyzed using an 
Olympus (Olympus Optical) laser-scanning microscope FV500 
equipped with an Olympus 1X81 inverted microscope and Argon 
ion 488 nm, He-Ne 543 nm, and He-Ne 633 nm lasers. Digital 
images were acquired through a PLAPO 60 x objective, with the 
Fluoview 4.3b software program. Images were acquired sequen- 
tially as single trans-cellular optical sections. Spatial co-localiza- 
tion was analyzed by ImageJ 1.34f software (NIH). 

Apoptosis was determined by annexin V-FITC and propidium 
iodide (PI) double staining (eBioscience) according to the manu- 
facturer's instructions. Analysis was performed using FACScan 
(BD Pharmigen). 

Animal models 

All animal experiments were reviewed and approved by the 
Licensing and Ethical Committee of our Institute and by the 
Italian Ministry of Health. The study included 30 4-wk-old 
female athymic (nu/nu) mice, purchased from Charles River 
Laboratories and housed under specific pathogen-free condi- 
tions. Mice were anaesthetized with ketamine/xylazine (100 
and 10 mg/kg) and 106 MDA-MB-231 cells were orthotopically 
implanted in a mammary fat pad. Animals were then submit- 
ted to 3 different treatments: "untreated" mice (n = 10) did not 
receive any treatment and were kept under standard conditions 
for the whole duration of the study; "pulsed" animals (n = 10) 
received metformin treatment only for the 48 h before PET 
imaging, and "prolonged" (n = 10) were treated for the entire 
duration of the study. In all groups, imaging and tumor harvest- 
ing were performed 1 mo after tumor implantation. 

The caloric content of the normal chow was distributed as 58 % 
carbohydrate, 12% fat, and 30% protein, and normal food con- 
sumption was maintained during the whole experiments for all 
groups. All animals were allowed free access to water. Metformin 
was orally administered by diluting the drug in autoclaved drink- 
ing water at a concentration of 3 mg/mL according to a proce- 
dure approximately accounting for a dose of 750 mg/Kg/die. 45 

Experimental micro-PET scanning protocol 

Before each PET scan, mice were kept under fasting condi- 
tions for 6 h. Mice were weighted, and anesthesia was induced 
by intraperitoneal administration of ketamine/xylazine (100 and 
10 mg/kg). Serum glucose level was tested, and animals were 
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positioned on the bed of a dedicated micro-PET system (Albira, 
Carestream) whose two-ring configuration permits to cover the 
whole animal body in a single bed position. A dose of 3—4 MBq 
of FDG was then injected through a tail vein, soon after start of 
a list mode acquisition lasting 50 min. 
Image processing 

Acquisition was reconstructed using the following framing 
rate: 10 x 15 s, 5 x 30 s, 2 x 150 s, 6 x 300 s, 1 x 600 s). PET data 
were reconstructed using a maximal likelihood expectation max- 
imization method (MLEM). An experienced observer, unaware 
of the experimental type of analyzed mouse, identified a volume 
of interest (VOI) in the left ventricular chamber. Then, the com- 
puter was asked to plot the time-concentration curve within this 
VOI throughout the whole acquisition to define tracer input 
function. Whole-body FDG clearance (in ml x min" 1 ) was cal- 
culated using the conventional stochastic approach as the ratio 
between injected dose and integral of input function from 0 to 
infinity, fitting the last 20 min with a monoexponential func- 
tion. 30 " 42 Whole-body glucose consumption (in (xMol x min" 1 ) 
was thus obtained multiplying clearance data for the correspond- 
ing glucose blood concentration. A further VOI was drawn over 
the cancer lesion to measure maximal standardized uptake values 
(SUV), i.e., the most commonly accepted indexes of tissue FDG 
uptake, expressed as the fraction of injected tracer dose normal- 
ized for body weight. 

Tumor glucose consumption (in nM X min" 1 x g" 1 ) was esti- 
mated in this last VOI according to Gjedde-Patlak 31 graphical 
analysis by using the routine of a dedicated software (PMOD). 
Briefly, the software utilizes the time-concentration curve in the 
left ventricle as the input function. The algorithm then trans- 
forms the original tissue activity measurements by fitting the 
data in each voxel with the slope of the regression line defined by 
the model. In all cases, lumped constant value was set at 1. 

Autoradiographic image analysis 

Immediately after imaging study, cancer lesions were surgi- 
cally harvested and divided into block A for autoradiography and 
block B for immunohistochemistry. Block A was frozen in isopen- 
tane chilled with dry ice for sectioning with the cryo-microtome, 
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